Three-guide couplers with multimode central waveguides allow for remote coupling between optical channels. A simple three mode approximation turns out to be sufficient for the description of the main features of the power transfer behavior. The specific form of the relevant modes suggests the design of integrated optical isolators and circulators based on magnetic garnet materials. These novel devices are superior to conventional nonreciprocal couplers with respect to the total length and admissible fabrication tolerances. We characterize the isolation performance and the transmission loss for the proposed devices by propagating mode simulations and estimate the influence of geometry parameter deviations.
INTRODUCTION
The majority of integrated optical isolator proposals comprises two waveguide ports, which are connected for light propagation in the direction of transmission. In the opposite direction the power is either damped by a polarizer or radiated into the surrounding. In contrast the concept of the nonreciprocal coupler [1, 2] is suitable for the realization of circulator devices, since the blocked power remains well confined in its own output waveguide. For current magneto-optic materials with undesirably high optical losses, the conventional X-coupler has the drawback of large total length and prohibitively strict fabrication tolerances. In this paper we show how this can be overcome by insertion of a third multimode rib, for both planar and rib waveguide devices . . The corresponding modes show large field amplitudes in the outer guiding regions (see Fig. 3 ), thus carrying most of the power if the structure is excited by the mode of one outer waveguide. For the parameters given for . This is further elaborated in [3] .
RADIATIVELY COUPLED WAVEGUIDES
Due to the harmonic dependence of the modes on the transverse coordinate in the coupling region, ¤ c shows a nearly periodic dependence on as well. Around the minima of ¤ c , three modes determine the coupling behaviour, next to the maxima only two modes have to be considered. We call these regions the three-and two-mode regime, respectively. Two examples have been marked in Fig. 2, Fig. 3 shows the relevant mode field profiles. 
k s rmro denotes the appropriate scalar product. It is a very good approximation to restrict the sum to guided modes. At least for the planar structures in this paper we have found f 1 0 u t 0r 999, thus these devices show only low radiation losses at input and output. Reflections should be of the same order of magnitude, i.e. negligible. Note that waveguide bends as needed for the conventional coupler can be completely avoided.
MAGNETO-OPTIC LAYERS
We will now assume that some layers have a linear magneto-optic effect with the static magnetization adjusted in the v direction (see Fig. 1 ). In these regions the permittivity tensorŵ readŝ
where the small off-diagonal elements are related to the specific Faraday rotation Θ F and refractive index
.~enters via a perturbational expression [4] . While TE-like modes are not affected in first order, the propagation constants of TM modes are shifted by an amount c
. 
To realize a short device, not only a large phase shift is required, but also the difference between the nonreciprocal phase shifts of the two modes must be as large as possible. Note that this is the weak point of the conventional coupler: its two squared supermodes appear very similar, thus the difference in the nonreciprocal phase shifts remains small.
PLANAR DEVICES
As an example, Fig. 4 shows the squared amplitudes of the relevant supermodes in the three mode regime. The largest differences occurr in the center of the outer waveguides and periodically in the central waveguide. Obviously the shortest isolating device results if the guiding regions can be manufactured from layers with opposite Faraday rotation, such that the~profile changes exactly at these points. This is illustrated in the bottom inset of Fig. 4 . Fig. 3(a) . The insets outline the corresponding refractive index profile (top) and an optimum choice for the profile of the Faraday rotation (bottom).
For such multilayer configurations, Eq. 3 evaluates to the curves of Fig. 5 . Clearly, the shortest devices can be expected in the regions of the three mode regime, for periodically occurring values . Note that Fig. 5 gives a rough estimate of the realistic device length only, since merely two modes enter Eq. 3. However, the exact numerical calculations show that close to the values indicated by Eq. 3 sets of parameters for well performing devices can be found [3] . 
RIB WAVEGUIDE DEVICES
In somewhat more realistic 3-D structures analogous mode patterns appear. Fig. 7 illustrates the supermodes of a rib coupler in the three mode regime, generated by means of a recently proposed semivectorial mode solver [5] . The three most relevant modes corresponding to the planar profiles in Fig. 3(a) can be clearly identified. The mode shape inspires an isolator configuration as shown in Fig. 8 . It does not exploit the opposite symmetry, but the strongly differing amplitudes of the relevant modes. The nonreciprocal phase shifts of the central and the surrounding mode must be as unequal as possible, therefore contrarily directed jumps in the Faraday rotation should be manufactured along the lines of the corresponding field maxima.1 º » ¼ ¼ ¼¸ With the central layer thickness replaced by the width ½ of the central rib, the dispersion characteristic of the 3-D devices is similar to the planar case, as confirmed by Fig. 9 . According to the bottom inset, evaluation of Eqs. 2,3 yields an estimate for the minimum achievable device length of 1r 02 mm. This is one order of magnitude smaller than the value of 10 mm given in [2] for a conventional two-waveguide nonreciprocal coupler comprising comparable materials and geometry. 
CONCLUSIONS
For a nonreciprocal three waveguide rib coupler consisting of magneto-optic garnet materials, the proposed design enables standard isolating performance with a total length of about 1 mm. This is achieved by exploiting the specific shape of the relevant mode fields. As in the planar case, strict but manageable tolerance requirements can be expected. Within the complete simulation of the 3-D devices, the numerically involving part of accurately calculating the guided supermodes is by now finished, while the implementation of the propagating mode analysis procedures for the rib waveguide structures is under way.
